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ABSTRACT 
Formation of particle deposition layer has been investigated as a simultaneous 
phenomenon of particle deposition and reentrainment in a turbulent aerosol flow.  
Aerosol particles passed through a corona charger were pneumatically transported into a 
glass tube equipped with a ring-type electrode, and the deposition layers formed on the 
tube wall in various conditions were quantitatively analyzed with particular attention to 
the effects of particle charge and external electric field on the deposition layer.  The 
charged particles formed a filmy deposition layer around the electrode being 
independent of the polarity of particle charge and applied voltage.  The mass of 
deposition layer increased with elapsed time and became constant after an equilibrium 
state of particle deposition and reentrainment.  The time dependence was represented 
by an exponential equation; the time constant decreased with increasing particle charge 
and/or applied voltage, and the equilibrium mass of deposition layer increased with the 
particle charge.  Furthermore, it was found that appropriate arrangement of electrodes 
to control external electric field eliminates the filmy deposition layer.  
 




c   aerosol particle concentration (kg m-3) 
Dp50  mass median diameter of particles (m) _
u average air velocity (m s-1) 
q/mp particle charge to mass ratio (C kg-1) 
r radial coordinate (m) 
t elapsed time (s) 
V applied voltage (V) 
x distance from an electrode (m) 
W/A mass of particles deposited per unit area based on a filmy  
 deposition layer (kg m-2) 
(W/A)*  equilibrium mass of particles deposited per unit area (kg m-2) 
W/Aw mass of particles deposited per unit area based on a wall surface  
 (kg m-2) 
z  coordinate in the axial direction (m) 
 
Greek 
   permittivity (F m-1) 
p particle density (kg m-3) 
 time constant (s) 






Particle deposition and reentrainment in aerosol pipe flows are fundamental phenomena 
relating to many aerosol operations such as powder dispersion, size classification, dust 
collection, particle generation and particle sampling.  A number of studies on these 
phenomena have been carried out; almost all of them treated that particle deposition and 
reentrainment were independent of each other [1~3], and the simultaneous phenomenon 
of deposition and reentrainment was analyzed simply by a combination of the two 
phenomena [4, 5].  However, the simultaneous phenomenon observed in industrial 
powder processes is more complicated; in the first stage fine particles deposit on a wall 
surface and form a deposition layer, then aggregate particles are reentrained from the 
deposition layer, and finally the deposition and reentrainment become in equilibrium.  
Therefore, to clarify the simultaneous phenomenon, the formation process of the 
deposition layer and equilibrium states between deposition and reentrainment should be 
analyzed.  From this point of view, we have studied the formation of the particle 
deposition layers and found several new facts [6-9].  A filmy deposition layer formed 
at a lower air velocity changed into a striped pattern deposition layer as the air velocity 
increases, and the thickness and the interval of the striped deposition layers were varied 
corresponding to the operational conditions.  When a powder that kept at a lower 
humidity was pneumatically transported in a glass tube, filmy deposition layers were 
randomly formed and sometimes disappeared being independent of a striped pattern 
deposition layer.  Also, filmy deposition layers were formed at the parts of the glass 
tube fixed to a frame using a different material.  These filmy deposition layers were 
probably formed owing to the electrification of the insulating wall, which is caused by 
particle collisions with the wall and/or the external electric fields.  The validity of the 
argument could be supported by the following experimental result [7].  When a jacket 
filled with a conductive aqueous solution was attached on the outside of the glass tube 
to reduce the charge of the glass wall, the filmy deposition layers successfully 
disappeared.  However, the formation of the filmy deposition layers in electrostatic 
fields was not studied in detail.  
In this paper, positive or negative charge aerosol particles are fed into a glass 
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tube equipped with a ring-type electrode, and filmy deposition layers formed in 
electrostatic fields are quantitatively analyzed.  In addition, we study a method to 
prevent the formation of the filmy deposition layers using external electrodes.  
 
2. Experimental apparatus and procedure 
 
Figure 1 shows a schematic diagram of the experimental apparatus.  The test powder 
(fly ash: JIS Z8901 No. 10, MMD: Dp50 = 3.0 m, particle density: p = 2390 kg m –3) 
was discharged continuously from the ultrasonic vibrating capillary tube of a powder 
feeder [10], and was dispersed into airflow through two ejectors (Pisco, VHH 12 801J).  
The aerosol particles can be charged positively or negatively with a corona charger 
(Sankyo Pio-tech, BCA).  Aerosol concentration was kept at 210 –3 kg m –3 to make 
the particles charge homogeneously.  The average air velocity was set at 9.3 m s –1 to 
form typical deposition layers as a result of simultaneous particle deposition and 
reentrainment and the powder flow rate was kept at 11 mg s –1.  In these experimental 
conditions, the particle charge to mass ratio q/mp can be controlled in the range from – 
0.01 to +0.01 C kg –1 by the corona charger.   
At a test section, a removable glass tube with 8.6 mm inner diameter and 200 
mm long was installed, and two glass tubes 500 mm long and 100 mm long (Fig. 1) 
with the uniform diameter were connected at the front and the behind, respectively.  A 
ring-type electrode was attached around the glass tube and electric potential was applied 
in the range from –5 to +5 kV.  The mass of particles deposited was measured using an 
electric balance after removing the glass tube and the specific charge of aerosol particles 
was measured using a vacuum-type Faraday cage.  
The test powder was dried at 110 oC over 12 hours and cooled down in a 
desiccator at room temperature.  Then the experiments were conducted using airflow 
kept at a relative humidity of 10%.  
 
3. RESULTS AND DISCUSSION 
 
3.1 State of particle deposition layer 
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Figure 2 shows the photographs of particle deposition layers formed in the glass tube.  
The background of the glass tube is black, thus the deposited particles looks white.  As 
there is no external electrode, filmy deposition layers were randomly formed in addition 
to a striped pattern deposition layer (Fig. 2(a)).  These filmy deposition layers probably 
result from the electrification of the glass wall caused by collision of particles; namely, 
non-uniform electric fields were formed around the charged wall.  The fields partially 
enhanced the particle deposition, and consequently the filmy deposition layers were 
formed.  Figures 2(b) and 2(c) show the results for the glass tube equipped with an 
external electrode made of a copper wire 0.4 mm in diameter.  Applied voltage was 5 
kV and the specific charge of aerosol particles was +4.010-3 C kg-1 (Fig. 2(b)) and 
-4.010-3 C kg-1 (Fig. 2(c)).  In both the cases, a filmy deposition layer was formed 
around the electrode being independent of the polarity of particle charge.  In addition, 
a small amount of filmy deposition layers were formed randomly away from the 
electrode.  
 
3.2 Time dependence of the amount of a filmy deposition layer 
 
Figure 3 shows the mass of particles deposited per unit area W/A around the external 
electrode.  All the data were obtained from separate experiments; the mass and the area 
of the filmy deposition layer were measured after carefully wiping the surrounding 
unnecessary particles deposited in the glass tube at every experiment.  First, an 
experiment was conducted at a constant applied voltage of –5 kV as a parameter of the 
particle charge to mass ratio (Fig. 3(a)).  The mass of particles deposited increases 
immediately at the beginning of the operation, but the increase does not continue as 
aggregate particles are reentrained more readily with an increase in the amount of 
particles deposited.  Consequently, particle deposition and reentrainment attains 
equilibrium; the equilibrium mass increases with the particle charge.  The amount of 
the deposition layer is controlled by both particle adhesive force and aerodynamic 
separation force.  However, the separation force here was constant because the air 
velocity was not changed in this experiment.  Hence, the variation of the equilibrium 
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mass is ascribed to the adhesive force caused by static electricity.  The adhesive force 
consists of particle-wall image force and electrostatic field forces arising from the 
applied voltage and/or charged aerosol particles.  If particles are accumulated in the 
deposition layer, additional force caused by particle polarization arises [11].  Figure 
3(a) also shows that the time to reach an equilibrium state tends to decrease as the 
particle charge increases.  This is because the electrostatic force enhances the particle 
deposition [12, 13].  
 Figure 3(b) shows the results under a constant particle charge.  It can be 
observed that the values of equilibrium mass are almost the same irrespective of the 
applied voltage.  However, the time to reach an equilibrium state decreases with an 
increase in the applied voltage.  This is because the deposition velocity of aerosols 
increases with the strength of external electric field.  Even if no voltage is applied, a 
filmy deposition layer is formed around the electrode because the existence of the 
grounded ring-type electrode enhances the electric field, i.e., electric field is 
concentrated.  
 Although both the time to reach an equilibrium state and the equilibrium mass 
for the filmy deposition layer depend on the operational conditions, there is a common 
feature in the time dependence of the mass of particles deposited.  This is also similar 
to that for a striped pattern deposition layer [9].  Thus, we adopt the same method to 
analyze the time dependence for the filmy deposition layer.  On the assumption that 
the mass of particles deposited per unit area and unit time d(W/A)/dt is proportional to 
the difference between real and equilibrium mass of particles deposited, the following 
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where  is a time constant, (W/A)* is the equilibrium mass of particles deposited per 
















The solid lines in Fig. 3 are calculated using Eq. (2).  The experimental results agree 
with the calculated ones, hence the time dependence of the mass for a filmy deposition 
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layer can be also represented by an exponential equation.  The values of time constant 
 and the equilibrium mass (W/A)* used for the calculation are summarized in Table 1.  
It is obvious that the value of  decreases with increasing particle charge and/or 
absolute value of applied voltage, and (W/A)* increases with particle charge.  
 
3.3 Effects of particle charge and applied voltage on the formation of filmy deposition 
layer 
 
Figure 4 shows the profiles of the amount of particles deposited after the operation at an 
applied voltage of –5 kV for 40 minutes.  The mass of particles deposited per unit area 
W/Aw is divided into five sections.  Although the profile depends on the experimental 
conditions, the particles deposit mainly at the center where the ring-type electrode is 
equipped, and the amount of the particles increases with the particle charge.  Hence, it 
is found that the particle deposition is enhanced by the particle charge and the electric 
field around the ring-type electrode.  Figure 5 shows the relationship between the 
amount of particles deposited W/Aw at the center and the particle charge q/mp.  The 
amount of particles was not influenced even when the applied voltage varied from –2 
kV to –5 kV but it increases with the particle charge.  It is of interest to note that the 
amount of the particles increases even if the polarity of the particle charge is the same 
as that of the electrode.  This fact could also be found in Fig 2(b) and (c).  
Considering the circumstances mentioned above, the following features are deduced; 
the position and the velocity of particle deposition are mainly controlled by the external 
electric field, while adhesive force (image force) of the particles deposited are 
controlled by the particle charge.  As a result, a filmy deposition layer was formed. 
This is independent of the polarity of particle charge.  Since the image force is 
enhanced with an increase in the amount of particles deposited [14], the filmy 
deposition layer grows further.  
 
3.4 Reduction of filmy deposition layers using external electrodes 
 
Experiments using a wide electrode made of aluminum foil showed that the filmy 
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deposition layers were not formed inside the electrode.  However, at the end of the 
electrode, a filmy deposition layer was formed, which was similar to that for the 
ring-type electrode mentioned above.  Figure 6 shows a typical result for particle 
deposition layers formed in the glass tube equipped with an electrode of 40 mm wide.  
The electrode was, here, removed for the photography.  As the electric potential of the 
glass wall covered by the wide electrode is almost constant, the strength of the electric 
field seems to be quite weak.  However, at the end of the electrode, the non-uniform 
electric field is rather strong and a filmy deposition layer is formed there.  
 Furthermore, we conducted the experiments using narrow electrodes of 3 mm 
wide, which were attached in different arrangement.  The results for the deposition 
layers in the glass tube are shown in Fig. 7.  In the ring-type electrodes arranged at 
regular intervals, filmy deposition layers were not formed although striped deposition 
layers were formed (Fig. 7(a)).  Also, in an electrode arranged in a spiral, there were 
no filmy deposition layers observed (Fig. 7(b)).  
 
3.5 Calculation of the electric field in a glass tube. 
 
We calculated the electric fields around an electrode by a computer.  To solve the 
electric field, the following Laplace’s equation was adopted.   
div ( grad ) = 0 (3)  
where  is the dielectric constant,  is the electric potential.  The values used for the 
calculation corresponds to the experimental conditions; the inside diameter of the tube 
is 8.6 mm, outside diameter is 11 mm, the width of the electrode is 3 mm, and the 
dielectric constant of the tube is 4.  The calculation domain is the axial symmetry of 
205.5 mm in radius (r) and  200 mm long (z), and the electrode is arranged at the 
center (z = 0).  The mesh for numerical simulation is 97 (r)  122 (z).  The minimum 
mesh size near the electrode is 10 m (r)  50 m (z).  The boundary conditions are as 
follows: 
 
kV5|electrode , 0| mm205.5 r  
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Figure 8 shows the vector and equi-potential diagram of the electric field 
around the ring-type electrode.  To illustrate the electric field in the glass tube, the 
scale of the radial direction is enlarged more than that of the axial 
direction—consequently, the vector of the electric field and the equi-potential line do 
not cross at right angles.  The vector of the electric field near the electrode points 
toward the center of the tube, while at several millimeters up or down from the 
electrode, the direction of the vector changes to the tube wall.  If the applied voltage is 
negative, the electric field changes into the counter direction of this figure.  When the 
polarity of the particle charge is opposite to the applied voltage, the aerosol particles 
move toward the electrode and form a filmy deposition layer on the wall near the 
electrode.  On the other hand, when the charged particles and the electrode have the 
same polarity, the aerosol particles are attracted to the wall a little away from the 
electrode and deposit there.  Since the image force increases with the amount of 
particles deposited, a filmy deposition layer grows larger and covers the wall near the 
electrode.  Similar filmy deposition layers are also formed and these are independent 
of the electric polarity.  Further, gradient force arising from a non-uniform electric 
field move the charged aerosol particles toward the electrode but the effect is rather 
small [15].  
 Figure 9 shows the calculated results for the electric field in the glass tube 
equipped with five electrodes of 3 mm wide arranged at regular intervals.  Although 
the strength of the electric field near both ends of a series of electrodes is larger, the 
strength around other three electrodes is quite small because the neighboring electrodes 
cancel out the electric potential.  In general, the collisions of aerosol particles with an 
insulator electrify the wall non-uniformly.  However, appropriate arrangement of 
external electrodes enables to reduce the electric field strength and eliminate the filmy 





Charged aerosol particles were pneumatically transported into a glass tube equipped 
with an external electrode, then an experimental study was conducted on the deposition 
layers formed as a result of a simultaneous phenomenon of particle deposition and 
reentrainment.  The results obtained are summarized as follows:  
1) Charged aerosol particles form a filmy deposition layer as well as a striped pattern 
deposition layer, and the electric field near the wall controls the position of the filmy 
deposition layer.  
2) Although the filmy deposition layer grows with elapsed time, the growth does not 
continue as the particle reentrainment occurs more readily with an increase in the 
amount of particles deposited per unit area.  Consequently, the particle deposition 
and reentrainment reach an equilibrium state.  The time dependence of the mass of 
particles deposited can be represented by an exponential equation.  
3) The time to reach an equilibrium state decreases with increasing particle charge to 
mass ratio and/or voltage applied to an external electrode.  This is because the 
electrostatic force in the electric field enhances the particle deposition.  
4) The mass of particles in an equilibrium state increases with the absolute value of the 
particle charge.  This phenomenon is due to the adhesive force arising from the 
particle charge—the image force.  
5) Using a wide electrode or arranging narrow electrodes at regular intervals or in a 
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Table 1  Experimentally 0btained  and (W/A)* 
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Fig. 1  Experimental apparatus
Fig. 2  Particle deposition layers formed in a glass tube 
          (Fly ash No. 10, Dp50 = 3.0 m, c = 0.002 kg • m-3,  
            u = 9.3 m • s-1, t = 2400 s)
I.D. 8.6 mm
Flow
+ 9.1 ｴ10 -3 +4.0 ｴ10 -3 - 4.0 ｴ10 -3
V = -5 kV
(a) (b) (c)
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Time, t  (s)
(b) q/mp = 5.1 x 10-3 C • kg-1 
 by Eq.(2)
V = 0 kV
V = -2 kV
V = -5 kV
Fig. 3  The mass of particles deposited per unit  
             area (W/A) as a function of time elapsed 
           (Dp50 = 3.0 m, c = 0.002 kg • m-3, u = 9.3 m • s-1)
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Fig. 4  The mass of particles deposited per unit  area  W/Aw 
            in each section of test tube ( V = -5 kV, Dp50 = 3.0 m,  
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10-3
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Fig. 5  The mass of particles deposited per unit  area W/Aw  
             in the section with an electrode ( Dp50 = 3.0 m,  







Fig. 6   Effect of a wide electrode on particle deposition layer  
             ( Fly ash No. 10, Dp50 = 3.0 m, c = 0.002 kg • m-3,  
           u = 9.3 m • s-1, q/mp = + 3.5  10-3, C • kg-1, V = - 5 kV )
 q/mp =  + 9.1  10-3 + 6.3  10-3 
(a) multiple electrodes (b) helical electrode
C • kg-1 
V = -5 kVV = 2 kV
I.D. 8.6 mm
Flow
Fig. 7  Formation of  deposition layers of striped pattern  
             controlled by different type of electrodes 
             ( Fly ash No. 10, Dp50 = 3.0 m, c = 0.002 kg • m-3,  












Fig. 8   Calculated electric field near single electrode (V = 5 kV)
Fig. 9   Calculated electric field near multiple electrodes (V = 5 kV)
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